Coal-mining activities in southeastern Montana continue in response to national energy needs. Near-surface coal beds in the Tongue River Member of the Paleocene Fort Union Formation are the object of the mining activities. These coal beds also are major aquifers in the area and are used primarily for domestic and livestock supplies. Mining of the coal beds eliminates the coal aquifers, but replacement of the disturbed overburden, or mine spoils, creates a new aquifer.
Water in the mine-spoils aquifers characteristically has larger dissolvedsolids concentrations than water in the coal aquifers. A previous study (Davis, 1984) demonstrated that the average increase in dissolved solids at the West Decker and Big Sky Mines ( fig. 1 ) was about 1,000 mg/L (milligrams per liter).
That study also showed that the dissolved-solids concentration may decrease several hundred milligrams per liter if water from the spoils flows through a coal aquifer. However, detailed analyses to determine the changes in chemical quality were not performed. Purpose and scope
The purpose of this study was to determine possible changes in chemical quality in water moving from coal-mine spoils through a coal aquifer. Spoils water and coal from the West Decker and Big Sky Mines were used in batch-mixing experiments. Both the water and the coal were analyzed for chemical constituents prior to and after the experiments. Equilibrium and mass-transfer relations were used to help determine the reactions possibly responsible for the observed changes in water quality.
SAMPLE DESIGNATION
In this report, letters and numbers are used to designate the source and treatment of the water and coal samples. Pre-mixing water samples are identified by three letters followed by a sequential number. The first letter signifies the sample is water (W) and is followed by two letters signifying the source of the water (WD for West Decker Mine spoils, BS for Big Sky Mine spoils). The letters are followed by a sequential sample number.
Thus, sample WWD1 is water from the West Decker Mine spoils and is the first sample analyzed. Post-mixing water samples are identified by six letters. The first letter signifies the sample is water (W); the second letter signifies the source of coal used (A for Anderson-Dietz 1 coal bed, R for Rosebud coal bed); the third and fourth letters signify the source of water used (WD for West Decker Mine spoils, BS for Big Sky Mine spoils); and the fifth and sixth letters signify the treatment the coal received prior to mixing (A for air dried, 0 for oven dried, B for chunks, C for crushed). Thus, sample WAWDAB is water resulting from mixing Anderson-Dietz 1 coal with water from the West Decker Mine spoils; the coal used was air dried and in chunks prior to mixing.
Pre-mixing coal samples are identified by four letters. The first letter signifies the sample is coal (C); the second letter signifies the source of coal (A for Anderson-Dietz 1 coal bed, R for Rosebud coal bed); and the third and fourth letters signify the treatment the coal received (A for air dried, 0 for oven dried, C for crushed). Thus, sample CAAC is coal from the Anderson-Dietz 1 coal bed that has been air dried and crushed. Post-mixing coal samples are identified by six letters. The first and second letters signify the sample is coal and indicate the source of coal as above. The third and fourth letters signify the source of water used (WD for West Decker Mine spoils, BS for Big Sky Mine spoils) and the fifth and sixth letters signify the treatment the coal received prior to mixing as above. Thus, sample CAWDAC is coal from the Anderson-Dietz 1 coal bed that has been mixed with water from the West Decker Mine spoils; the coal was air dried and crushed prior to mixing.
METHOD OF STUDY AND EXPERIMENT DESIGN
Water used in the experiments was obtained from a well completed in the spoils aquifer at the West Decker Mine (samples WWD1 and WWD2, tables 1 and 2) and from a well completed in the spoils aquifer at the Big Sky Mine (samples WBS1 and WBS2, tables 1 and 2).
Coal was obtained from areas recently mined within each mine.
Batch-mixing experiments were conducted to estimate changes in ground-water quality that may occur when water from a spoils aquifer flows through a coal aquifer. Spoils water and coal were combined at a 1:1 weight ratio and mixed for about 2 hours. Mixing was accomplished by affixing the,mixture bottles, which were completely filled to exclude oxygen, to a vertical wheel 3 feet in diameter and rotating at 3 revolutions per minute. The mixtures thpn were allowed to settle and the water and coal were separated by decanting after a total contact time of about 24 hours.
Both the water and the coal were analyzed prior to and after the mixing experiments. The water was filtered sequentially through 0.45-and 0.10-micrometer (micton) filters, except for samples WAWDAC and WAWDOC (tables 1 and 2), which could only be filtered through a 0.45-micrometer filter. The filtrate was analyzed by the Montana Bureau of Mines and Geology, Butte, Mont. The coal was analyzed for chemical constituents (in ashed coal) by the U.S. Geological Survey laboratory, Denver, Colo.; for extractable cations and exchangeable cations by the Montana Bureau of Mines and Geology using procedures in Sjandoval and Power (1977) ; and for mineralogy by X-ray diffraction analysis of the residue from low-temperature ashing by the U.S. Geological Survey, Reston, Va.
The coal received various treatments prior to the experiments. Initially, the coal was in chunks approximately 1 inch on a side. Some of the chunky coal was air dried at room temperature (about 25° C) and some was oven dried at about 40° C. Drying time was about 24 hours. The dried coal was used to determine the effects on the experiments of the natural moisture content of the coal, which ranges from about 20 to 30 percent (Matson and Blumer, 1973, p. 78) .
Some of the coal was crushed into pieces about one-fourth inch or less used to determine the effects on the experiments The surface area of the crushed coal was four or face area of the initial chunks of coal, and some was oven dried. on a side. The crushed coal was of the surface area of the coal. more times greater than the surSome of the crushed coal was air dried Computer program WATEQF (Plummer and others, 1978) was used to determine equilibrium relations in water used in the experiments. The program can determine from a water-quality analysis the degree of saturation of the water with respect to a given mineral species. The degree of saturation is expressed by the saturation index, which is the logarithm of the ratio of the ion activity product to the equilibrium constant. Positive values of the saturation index indicate supersaturation, negative values indicate undersaturation, and values near zero indicate saturation.
Mass-transfer relations were used to help determine which reactions may have occurred as a result of mixing. The number of millimoles per liter of selected constituents added to or subtracted from solution as a result of mixing were calculated.
RESULTS OF EXPERIMENTS
Concentrations of selected constituents in pre-mixing water and post-mixing water for batch-mixing experiments using combinations of chunky, crushed, air-dried, and oven-dried coal are given in tables 1 and 2. For the experiments using materials from the West Decker Mine, the post-mixing water generally decreased in the concentrations of calcium, magnesium, sodium, potassium, bicarbonate, sulfate, dissolved solids, manganese, strontium, and zinc, and increased in the concentrations of barium and boron.
For the experiments using materials from the Big Sky Mine, the post-mixing water generally decreased in the concentrations of magnesium, potassium, bicarbonate, and dissolved solids and increased in the concentrations of barium, boron, and strontium.
In general, the water from experiments using crushed coal exhibited greater changes than water from experiments using chunks of coal, indicating that the surface area of coal in contact with the water probably is an important factor. For all experiments using crushed coal, the decrease in dissolved solids ranged from 120 to 340 mg/L and averaged 250 mg/L.
For all batch-mixing experiments using chunks of coal, the decrease in dissolved-solids concentration ranged from 50 to 270 mg/L and averaged 180 mg/L. The average decrease in dissolved solids for all experiments was 210 mg/L, or about 5 to 10 percent.
Relations between water from mixtures using air-dried coal and oven-dried coal were varied. Therefore, the effect of the natural moisture content of the coal on the experiment results could not be determined.
The analyses for chemical constituents in the ashed coal were subject to interferences by sulfur in the analytical procedure. Therefore, no results were received from the laboratory, owing to a large degree of inaccuracy or uncertainty.
The results of the analyses for extractable cations and exchangeable cations (table 3) in crushed coal from both the West Decker and Big Sky Mines indicate that the post-mixing coal generally contained greater quantities of extractable and exchangeable cations than the pre-mixing coal. Therefore, if the analysis results are representative of actual conditions, the reactions which occurred in the mixing experiments resulted in deposition, exchange, or adsorption of some constituents onto the coal. This hypothesis also is supported by the larger differences in constituent and dissolved-solids concentrations observed in experiments using crushed coal, which had more surface area exposed to the reaction process.
The results of the X-ray diffraction analyses of ash from pre-mixing and postmixing, air-dried and oven-dried coal from both mines were similar for all samples. The ash contained quartz, gamma calcium sulfate (a high-temperature polymorph of anhydrite), kaolinite, illite, and possibly a trace of feldspar (Daniel M. Webster, U.S. Geological Survey, written commun., 1984) . The similarity of all the samples indicates that any mineral precipitated on the post-mixing coal probably occurred as one of the minerals listed above or that the quantity of any other mineral precipitated was not substantial enough to be detected.
Saturation indices from WATEQF for water used in the batch-mixing experiments are given in table 4. For the experiments using materials from the West Decker Mine, the pre-mixing and post-mixing waters generally were near saturation with respect to quartz, calcite, aragonite, dolomite, magnesite, strontianite, and barite and generally undersaturated with respect to gypsum, anhydrite, celestite, and halite. The post-mixing water generally showed a lesser degree of saturation than the pre-mixing water with respect to the carbonate minerals calcite, aragonite, dolomite, magnesite, and strontianite and a greater degree of saturation with respect to barite. Similarly, the post-mixing water showed a greater degree of undersaturation with respect to the sulfate minerals gypsum, anhydrite, and celestite.
The degree of saturation with respect to quartz and the degree of undersaturation with respect to halite remained essentially unchanged.
For the experiments using materials from the Big Sky Mine, the pre-mixing and post-mixing waters generally were near saturation bonate minerals, the sulfate minerals, and the feldspar adularia; undersaturated with respect to halite and the feldspars albite and anorthite; and supersaturated with respect to kaolinite. The post-mixing water with respect to quartz, the eargenerally showed a lesser degree of saturation than the pre-mixing water with respect to calcite, aragonite, dolomite, magnesite, strontianite, adularia, and kaolinite and a greater degree of saturation with respect to celestite and barite. showed a greater degree of undersaturation with [ respect to albite and anorthite. The degree of saturation with respect to quartz and the degree of undersaturation with respect to gypsum, anhydrite, and halite remained essentially unchanged.
Mass-transfer relations for water from the batch-mixing experiments are given in table 5. For the experiments using materials from the West Decker Mine, the observed changes probably result from adsorption reactions or ion-exchange and precipitation reactions, or both. A possible sequence of reactions, particularly for the experiments using crushed coal, could include exchange of sodium ions in solution for calcium ions from the coal. To maintain equilibrium, the increase in calcium ions in solution would be offset by precipitation of calcite, resulting in a relatively large decrease in the concentration of bicarbonate ions in solution and a relatively small net change of calcium ions in solution. Because magnesium carbonate minerals do not readily precipitate from solution, the observed decreases in the concentration of magnesium ions would probably result from exchange in a manner similar to sodium or from adsorption. Barium ions could be involved in a manner similar to calcium ions except that barite would precipitate, resulting in a decrease in the concentration of sulfate ions in solution. The amount of calcite and barite precipitated would be too small to be detected by X-ray diffraction analysis of the post-mixing coal.
For the experiments using materials from the Big Sky Mine, the observed changes also probably result from adsorption reactions cr ion-exchange and precipitation reactions, or both. However, the constituents and minerals probably involved are different than for the West Decker Mine. A possible sequence of reactions could include exchange of magnesium ions in solution for calcium ions from the coal. To maintain equilibrium, the increase of calcium ions in solution would be offset by precipitation of calcite and, for some experiments, gypsum. The result would be a relatively large decrease in bicarbonate ions in solution, a decrease for some experiments in sulfate ions, and a relatively small net change of calcium ions in solution. Because magnesium carbonate minerals do not readily precipitate from solution, the observed decreases in the concentration of magnesium ions probably would be due solely to exchange or adsorption reactions.
Strontium ions could be involved in a manner similar to calcium ions. The amount of calcite and any strontium minerals precipitated would be too small to be detected by X-ray diffraction analysis of the post-mixing coal.
CONCLUSIONS
Batch-mixing experiments using spoils water and coal from the West Decker and Big Sky Mines demonstrate that water moving from coal-mine spoils through a coal aquifer probably would undergo changes in chemical quality. The dissolved-solids concentration in water used in the experiments decreased an average 210 mg/L, or about 5 to 10 percent. Other chemical changes include general decreases in the concentrations of magnesium, potassium, and bicarbonate and general increases in the concentrations of barium and boron. Changes in concentrations of calcium, sodium, sulfate, manganese, strontium, and zinc were variable. In general, the magnitude of the changes increased as the surface area of the coal increased.
The amounts of extractable cations and exchangeable cations in the post-mixing coal were larger than in the pre-mixing coal. The differences also increased as the surface area of the coal increased, signifying that ion exchange or adsorption probably was an important factor in the observed water-quality changes.
X-ray diffraction analyses of residue from low-temperature ashing of coal indicate the major minerals to be quartz, a polymorph of anhydrite (gamma calcium sulfate), kaolinite, illite, and possibly a trace of feldspar. Water used in the experiments generally was near saturation with respect to quartz, carbonate minerals, and barite. Water from the Big Sky Mine was also near saturation with respect to gypsum, anhydrite, and celestite whereas water from the West Decker Mine was undersaturated with respect to those minerals.
Mass-transfer relationships, coupled with the equilibrium relationships, indicate that adsorption reactions or ion-exchange and precipitation of calcite, or both, probably are the major reactions responsible for the chemical changes observed in the experiments. Precipitation of gypsum is also a possible major reaction for some mixtures using materials from the Big Sky Mine. 
